Electrochemical machining (ECM) is a widely used non-traditional machining technology. In addition to excellent shaping performance, ECM can generate a smooth surface finish. However, experimental investigations into the surface polishing mechanism of ECM are extremely challenging. To understand this microscale mechanism more deeply, we developed a novel multi-physics model for a numerical simulation. The model accounts for the major factors involved in ECM, including the electric field, flow field, ion transfer, electrode reaction kinetics, and anodic shape evolution. Based on this model, we investigated the effects of applied potential and flow speed on surface polishing. Furthermore, we studied the effect of the material's microstructure on surface polishing in ECM by setting position-dependent equilibrium potentials as boundary conditions. Our results show that the formation of an anodic supersaturated film, which is affected by the applied potential and flow speed, plays an important role in surface polishing.
INTRODUCTION
Electrochemical machining (ECM) is a non-traditional machining technology widely used in a diverse range of industries. Shaping of the workpiece by ECM is achieved by the controlled dissolution of localized anodic materials [1] . Thus, ECM has some specific merits including a relatively high machining rate for hard metals, no tool wear, and a good machined surface quality [2] [3] [4] .
Despite the fact that ECM has been developed and industrially applied for decades, there are many difficulties in the design and prediction process for ECM. Optimization of the ECM machining conditions usually requires trial-and-error, which comes with a significant time investment and economic cost.
Simulating ECM is known to be an effective method to overcome the above-mentioned drawbacks [5] . However, simulating ECM is difficult, because this involves multi-physics methods and because various chemical reactions are involved in the ECM process. Over the years, simulation techniques for ECM have progressed from simple analytical methods (i.e., the cos θ method [6, 7] , the complex variables method [8] , and the iteration integral method [9] ) to complex numerical methods (i.e., the finite difference method [10, 11] , finite element method [12, 13] , and boundary element method [14, 15] ). Additionally, the development of physical models that include more factors, such as electric field, flow field, temperature field, ion transfer, electrode reaction kinetics, current efficiency, and anodic shape evolution, are considered to improve simulation accuracy [5, [16] [17] [18] . However, nearly all models made to date focus on the macroscale shaping process; this has obvious limitations for the analysis of the surface polishing phenomenon as this approach neglects the detailed electrode kinetics.
The surface polishing effect of ECM has been attributed to the formation of a supersaturated film at the anode/electrolyte interface [19, 20] . A theoretical schematic of the interfacial structure of this film has been proposed based on previous experimental research [21] [22] [23] [24] [25] [26] . However, it is an extremely challenging task to quantitatively investigate this film and its effects on surface polishing in experiments, because this film is extremely thin (i.e., the film thickness is on the order of micrometers) and only exists at the anode/electrolyte interface during the electrochemical reaction. Achieving an in-depth understanding of this microscale mechanism that underpins ECM requires a numerical investigation of this film and its effects through using a simulation.
This paper presents a multi-physics model to simulate the surface polishing effect in ECM. In this model, the major factors in ECM, including electric field, flow field, electrode kinetic, ion transfer, and anodic shape evolution, are considered. The electric field is solved by a Laplace equation, while the flow field is modelled by single phase flow Navier-Stokes equations. Then, the distribution of the ion concentrations is computed by solving the ion transfer model to couple the above two fields. Ion generation is governed by a concentration-dependent Butler-Volmer equation, which can more precisely express the electrode kinetics in comparison with previous simulation models. Ion transfer is a result of diffusion, convection, and migration. Additionally, the concentration-dependent equations for the density, diffusion coefficient, and dynamic viscosity are applied to determine the electrolyte flow properties. Finally, the anodic shape evolution is solved using Faraday's Law. Furthermore, the effect of the material's microstructure on surface polishing is also investigated using a novel method to set the boundary conditions. A position-dependent function of the equilibrium potentials is applied as the anodic boundary conditions, which is an efficient way to describe different material microstructures. The abovedescribed multi-physics models were computed using a commercial simulation software package, COMSOL Multiphysics version 5.0.
COMPUTATIONAL MODELS
Based on above-mentioned multi-physics model, a suitable coupling strategy was arranged as shown in Fig. 1 . With this multi-physics model, all of the physical fields in ECM can interfere with each other. To simplify this multi-physics model, several assumptions are taken as follows: (1) The electrolyte flow through the gap is assumed to be laminar. In addition, the effect of bubbles generated on the electrodes is neglected; therefore, the electrolyte flow is simplified to be a single-phase flow.
(2) The simulation of the electric field is simplified to be a potential modelling problem, which can be expressed by a Laplace equation. The rapid electrolyte flow enables sufficient refreshing of the electrolyte in ECM. The effects of the gas and ions on the electric field are logically neglected in the bulk electrolyte.
The thermal effects are neglected. Although the heat generated by the electrode reaction and electrolyte resistance causes the electrolyte temperature to change, this effect is very weak (up to 50 °C) owing to the fast electrolyte flow [18] . Thus, the temperature field is not included in this work for simplicity.
Geometry
Typically, in ECM ( Fig. 2(a) ), a cathode tool with a specially designed shape is moved toward the anode workpiece while quick-flowing electrolyte is pumped through the narrow inter-electrode gap. In this way the cathode tool shape is replicated on the anode workpiece. In addition to the shaping process, ECM simultaneously polishes the workpiece's surface [1] [2] [3] [4] ; this phenomenon is explained by the anodic supersaturated film theory [21] [22] [23] [24] [25] [26] . As shown in Fig. 2(b)-(d) , a high applied current density causes a large number of metal atoms to be anodized as ions at the anodic surface. These ions cannot be moved into the bulk electrolyte immediately. Thus, the dissolved ions accumulate on the anodic surface. When the ion concentration exceeds a specific value, the supersaturated salt precipitates, causing a honey-like viscous film to form (Fig. 2(c) ) [21] . As a result, the anodic surface is polished owing to local differences in the current density caused by the fluctuation of the film thickness ( Fig. 2(d) ).
To study the ECM polishing effect in detail, we constructed a geometric model (Fig. 2(e) ) with a micro protrusion (5-μm-high) on the anodic surface. Additionally, a long entrance zone was located prior to the micro protrusion to allow sufficient development of the flow field. Furthermore, the material's microstructure also has a decisive impact on the machined surface in ECM [24, [27] [28] [29] owing to the different electrochemical properties that arise from different microstructures. To investigate this effect, we set the anodic boundary conditions with different equilibrium potentials to represent different microstructures using a position-dependent function (Fig. 2(f) ), which is expressed as follows:
micro(x, y) = { ; ∈ (175, 225), ∈ (−50, 0) ; ∈ (−400, 175) ∪ (225, 400), ∈ (−50, 0)
where Eeqα and Eeqβ are the equilibrium potentials of the α-and β-microstructure, respectively. 
Electric field
Determining the current density distribution on the anodic interface and in the electrolyte domain is imperative for modeling ECM. A potential model (Laplace equation) was used in this work to solve the electric field, such that
where φ and i represent the electrolyte potential and the current density, respectively. κ is the electrical conductivity of the electrolyte, which was set as 16 S m -1 to correspond with the NaNO3 electrolyte widely used in ECM.
Flow field
The electrolyte flow in ECM is considered to be a single-phase flow field, which can be expressed by the incompressible laminar Navier-Stokes equations, given by
where p is the fluid pressure and v is the flow speed. As shown in Fig. 3 , metal atoms are consumed as ions at the anodic interface. Then, these ions are dissolved into the electrolyte near the anode, inevitably affecting the dynamic viscosity, μ, and the density, ρ. Thus, the variation of ρ is mainly attributed to the dissolution of metal; therefore, it can be expressed as = 0 + (6) where c is the concentration of dissolved metal ions, ρ0 is the density of the bulk electrolyte, and M is the molar mass of the anodic material. Additionally, the concentration-dependent μ is presented in the literature [16] [17] [18] 
where μ0 is the reference dynamic viscosity equal to 2.4152 kg m -1 s -1 .
Electrode reaction kinetics
In this work, to precisely describe the electrode reaction kinetic, a concentration-dependent Butler-Volmer equation was applied. The general concentration-dependent Butler-Volmer relation is given by
where idis is the current density for metal dissolution; i0 is the exchange current density; and are the surface and bulk concentration of rate limiting species in oxidization reaction, respectively; and and are the surface and bulk concentration of rate limiting species in reduction reaction.
According to the ECM process, = = 1 and so the equation is written as
Accordingly, determining is important to solve this equation and to obtain the value of idis.
Here, a rate limited water diffusion theory for this concentration-dependent kinetics was applied [30] .
As shown in Fig. 3 , metal atoms are massively anodized to ions and gradually aggregate on the anodic surface. These ions consume a great amount of water molecules to form hydrate ions [20] . When the interfacial concentration reach a very high value, the surrounding environment will lack free water molecules to dissolve ions and subsequently transfer them into the bulk electrolyte. Therefore, the metal dissolution that is controlled by charge transfer is blocked. Thus, the transfer of free water molecules is the rate limiting step of the electrode reaction. Therefore, the concentration-dependent Butler-Volmer equation with the rate limited free water diffusion term is expressed as [18] . Additionally, F and R are the Faradaic constant and gas constant, respectively. T is the temperature, which we set as 293.15 K. α and β are the reaction coefficients, which were both set to 0.5 in this work. The over-potential, η, can be calculated according to = − −
where φs and φl represent the anodic interfacial potential on the electrode and in the electrolyte, respectively. In the geometric model for studying parametric effects ( Fig. 2(e) ), the equilibrium potential Eeq was taken to be −0.037 V to correspond with iron being used, but this model can also be applied to other materials. In the geometric model for the effect of the material's microstructure ( Fig. 2(f) ), no detailed data was available for the equilibrium potentials for different microstructures unfortunately, because the required experimental measurements are extremely difficult to conduct. Therefore, to investigate the effect of the material's microstructure, Eeqα was set to −0.037 V, while Eeqβ was set to −0.062 V and −0.087 V, so that the difference of the equilibrium potentials between α and β, ΔEeq, would be 0.025 V and 0.05 V, respectively. Although these chosen equilibrium potentials are not experimental values, they are still beneficial for studying the effect of different microstructures on surface polishing in ECM. 
Mass transfer
In ECM, the dissolved ions are transferred from the electrolyte boundary layer to the bulk electrolyte as a consequence of diffusion, convection, and migration. The changes in the ion concentration can be expressed as,
where N is the total flux of the dissolved ions. It is known that the diffusion coefficient D is significantly influenced by the electrolyte concentration. In the literature [16] [17] [18] 
where n is the unit normal vector on the anode.
Anodic shape evolution
The materials removal in ECM is realized by anodic dissolution of metal, which follows the Faraday's law. Thus, the anodic shape moving rate is expressed as, = − (16) where ωk is the volumetric electrochemical equivalent, which was taken to be 2.4564 × 10 −11 m 3 C −1 to correspond with iron.
Boundary conditions and parameters setting
Besides the governing equations mentioned above, we also applied boundary conditions ( Table  1) that were in accordance with experimental results for the simulation. The main adjustable parameters in ECM are the applied potential and the flow speed, as shown in Table 2 . Accordingly, their effects on surface polishing were investigated in this work. Other parameters used for the simulation were set to be constants. 
Meshing validation
The geometric models were discretized into a computational mesh comprised of about 22000 domain elements and 920 boundary elements. In the geometric model for studying the parametric effects ( Fig. 4(a) ), for example, 8 layers of boundary layer mesh were used to precisely solve the involved multiphysics model with a flow field. The mesh was finest near the anodic surface and fine enough across the rest of the domain. To check the sensitivity of the simulated results to the mesh, a much finer mesh (44000 domain elements and 1722 boundary elements) was compared with the mesh developed in this work. Fig. 4(b) suggests that the simulated results are mesh independent (the difference was less than 1%), verifying the feasibility of the mesh used in this work. A MUItifrontal Massively Parallel Sparse direct Solver (referred to as MUMPS), and backward differentiation formula method were used for time stepping. 
RESULTS AND DISCUSSION

Preliminary investigation
The simulation results of the full-length cell are shown in Fig. 5 . As shown in Fig. 5(a) , the distribution of the ion concentration varies with the distance from the inlet. It is shown in Fig. 5(b) that the ion concentration on the anodic surface increases from −400 to 0 μm and then reaches a stable value of about 3240 mol m −3 . This is caused by a gradual balance being reached between ion formation and transfer at the anodic surface. After sufficient development of the flow field from the inlet, the ion transfer rate stabilizes and thus a balance in the ion generation rate is achieved. Accordingly, it is reasonable to arrange the target geometric features of interest (Fig. 2) at X = 200 μm in this work. As shown in Fig. 6 , the ion concentration as a function of the distance from the anodic surface can be typically divided into three regions. In the region far from the anode (in the bulk electrolyte), the ion concentration is extremely low because the rapid electrolyte flow efficiently removes the dissolved ions. At the region relatively close to the anode, the flow speed quickly decreases in the flow boundary layer and so the ion convection effect is gradually weakened. Accordingly, the ion concentration gradually increases along with increasing distance from the bulk electrolyte to the anode. Additionally, the ion concentration in the region adjacent to the anode increases steeply from 1260 to 3240 mol m −3 .
This region, which has a linear concentration gradient, is known as the anodic supersaturated film according to the Nernst diffusion layer model [32] . This model helps understand what the limiting current of the concentration-dependent Butler-Volmer equation is:
where il is the limiting current density and δ is the supersaturated film thickness. Accordingly, a supersaturated film thickness of 0.8 μm can be obtained through the intersection point between the extension line and the X axis [33] , which is in accordance with the experimental data [23] . Furthermore, the average ion concentration of this simulated supersaturated film, 2250 mol m −3 , correlates well with the value found in previous ECM experiments [34, 35] . Fig. 7 . In the first 10 ms, the ion concentration is low and the curve shows no linearly increasing section near the anode, indicating that the supersaturated film has not yet formed. When the time is increased from 20 to 30 ms, the ion concentration increases owing to the accumulation of dissolved ions. Further, the curves exhibit an obvious linear gradient, indicating the formation of the supersaturated film. Furthermore, the linearly increasing section expands over time, indicating that the film thickness is increasing. After 30 ms, the supersaturated film thickness stabilizes.
Comparing the stable supersaturated film at 180 and 200 μm, it is observed that the film is thicker over the flat surface than at the protrusion. This is because the ion transfer at the protrusion is quicker because of a stronger convection effect nearby. Fluctuations in the film thickness will lead to different local current densities. According to Eq. (17), a larger limiting current density will form at the protrusion than at the flat surface, indicating a quicker dissolving rate at the protrusion. Accordingly, the whole anodic surface will be efficiently smoothed because of this effect. 
Effect of applied potential
The applied potential is a key parameter that greatly influences the anodic behavior and consequently affects the machined surface roughness. Thus, in this work, we investigated the effect of the applied potential on surface polishing.
As shown in Fig. 8(a) , a supersaturated film forms on the anodic surface when using 11 V, while for 5 V the anodic surface is exposed to fresh electrolyte (this condition is referred to as "active state"). This phenomenon has been found in previous research [35] , where polarization curves showed a transition from charge transfer controlled behavior to mass transfer controlled behavior in ECM of Fe in NaNO3. A similar phenomenon has also been observed for many other metals. An in-situ study [24, 25] of the anodic surface during ECM of Cu directly observed the existence of a supersaturated film under a high current density.
In our study, when the applied potential was increased, the current density also increased and consequently dissolution was enhanced. At 5 V, the formation rate from the metal ions was relatively low and the quick-flowing electrolyte could effectively transfer the generated ions close to the anodic interface into the bulk electrolyte, resulting in a relatively fresh electrolyte. At 11 V, however, large number of ions are generated at the anodic interface by the increased electric field and thus the ions could not be removed efficiently. Hence, the whole anodic surface was covered by a supersaturated film. We found that the thickness of this film was different above the flat surface and the protrusion. This phenomenon is related to the different electrolyte flow conditions at the flat surface and the protrusion. Compared with the flat surface, the ion transfer effect at the protrusion is more intense because of strong electrolyte flushing, consequently resulting in a thin film. The fluctuation of the film thickness results in a higher local current density at the protrusion than at the flat surface according to Eq. (17), which consequently helps to effectively smooth the surface. The machined anodic shapes are shown in Fig. 9 for comparison. The height of the protrusion (originally 5 μm) was smoothed to 2.6 μm at 11 V, which is significantly lower than it was smoothed to for 5 V. Previous experiments [34, 35] have estimated the effect of different current densities on the fraction of anodic surface being smoothed during ECM. When the current density is increased while keeping the inlet electrolyte flow speed constant, the proportion of the surface that is brightened is increased; eventually, the entire surface is brightened owing to the formation of an anodic supersaturated film. This close agreement between the simulation and experiments confirms that a stronger surface polishing effect is achieved when using a higher potential, especially when a supersaturated film forms. 
Effect of electrolyte flow speed
An extremely quick electrolyte flow through a narrow inter-electrode gap is the main characteristic of ECM. In this work, different flow speeds of 4 and 10 m s −1 were used to study the flow speed effect on the surface polishing process. Figure 10 shows the distribution of the ion concentration using different inlet flow speeds. With 4 m s −1 , the whole anodic surface was covered by a supersaturated film, while a relatively fresh surface was obtained with 10 m s −1 . This is because the ion transfer effect is closely related to the electrolyte hydrodynamics. When a higher electrolyte flow speed was applied, the convection effect was enhanced at the anodic surface. With the same ion formation rate under the same applied potential, the strong convection effect achieved using a higher flow speed helps in quickly transferring the ions from the anodic interface into the bulk electrolyte, causing a relatively fresh electrolyte and an active dissolution state. Previous experiments [34, 35] have demonstrated the effect of the flow speed on anodic behavior by measuring the polarization curve in ECM of Fe, which shows similar behavior as found in this work. Under a certain current density, the anodic behavior shows an active state when using a low flow speed but shows a mass transfer controlled state when using a high flow speed. The machined anodic shapes using different flow speeds are both shown in Fig. 11 for comparison. The protrusion height for a flow speed of 4 m s −1 was reduced to 2.6 μm, which is lower than for a flow speed of 10 m s −1 . This is because the lower inlet flow speed helps form a supersaturated film, which is beneficial for surface polishing. A similar result was found in previous experiments [34, 35] , in which the effect of the flow speed on the proportion of a surfaced that was brightened was estimated. When the flow speed was increased while maintaining the same current density, the polarization behavior shows an active state and a relatively rough surface is generated after ECM. 
Effect of the material's microstructure
In practice, the target materials used for ECM are usually polycrystalline or are alloys. The microstructures of these materials have different electrochemical properties, consequently affecting the surface roughness in ECM. In this work, the effect of the material's microstructure on surface polishing was studied using a simulation. In addition, as discussed above, the effect of the applied potential on surface polishing was found to be stronger than the effect of the inlet flow speed; therefore, the combined effect of the applied potential and the microstructure is investigated in this section. , it can be observed that the distribution of the ion concentration on the β-and α-microstructure surfaces is uneven when 5 V was applied. This is caused by the combined effects of the active state and different electrochemical properties that cause selective corrosion. In the active state, the electrode kinetics are charge transfer controlled, which is closely aligned with the electrochemical properties of the nearby materials. Compared with the α-microstructure, the β-microstructure has a smaller equilibrium potential, which helps strengthen the dissolution and causes a higher ion concentration according to Eqs. (10) and (11) . However, when an applied potential of 11 V was used, the anodic surface was covered by a uniform supersaturated film, which had a uniform ion concentration on both the α-and β-microstructure anodic surfaces. This is because the higher applied potential enhances the dissolution reaction and generates a massive number of ions that cannot be immediately transferred into the bulk electrolyte, as discussed in Section 3.2. In-situ experimental observations on polycrystalline anodic surfaces during ECM [23, 24, 25, 28] also confirm that uniform supersaturated films form under high current densities. The dissolution kinetics then become mass transfer controlled. The dissolution rate is solely determined by ion transfer in the supersaturated film. Consequently, it is predicted that surface topograghy is less influenced by the material microstructures under high current density. The resulting anodic shapes when using 5 and 11 V for different microstructures are shown in Fig. 13 . A smooth surface was generated when using 11 V, while selective corrosion occurred when using 5 V, causing a rough surface. Further, it was also observed that for an active corrosion state, the generated surface roughness increased when the equilibrium potential difference increased. According to Eqs. (10) and (11), a larger equilibrium potential difference causes a greater difference in the dissolution current density, resulting in a greater difference of the dissolution rates for the different microstructures. Accordingly, more serious selective corrosion occurs and the surface roughness increases. Previous experiments [23, 24, 25, 28] showed that compared with an initial mechanically polished surface, the surface roughness achieved using ECM under low current density increased owing to selective corrosion, while a high surface finish was achieved under high current density. Consequently, the simulation outcomes match the experimental results well, which confirms that the transition of both the kinetic and surface smoothing is associated with an increase of the current density for polycrystalline materials. 
CONCLUSIONS
This paper reports the development of a novel multi-physics model to numerically study the surface polishing mechanism in ECM. According to the simulation results, a supersaturated film forms when a sufficiently high potential is used. The formation of the supersaturated film is a transient process.
The applied potential has a significant effect on the formation of the supersaturated film and on surface polishing. When the applied potential is increased, the ion concentration increases until the formation of a supersaturated film that enhances surface polishing in ECM. Compared with the value of the applied potential, the effect of the inlet flow speed is relatively weak. When the flow speed was increased, the polishing effect was only slightly reduced.
For materials with multiple microstructures, a difference in the removal of material between a material with an α-and β-microstructure was caused when using 5 V, indicating a strong inclination to selective corrosion. Further, when the equilibrium potential difference was increased, the generated surface roughness also increased. However, when using a sufficiently high potential during ECM, a supersaturated film ends up covering the anodic surface, resulting in a smooth surface finish.
